A panel of 24 monoclonal antibodies (MAbs) to the G 1 or G2 envelope glycoproteins of Hantaan virus were used to determine the surface topography and functional properties of antigenic sites. Nine distinct, partially overlapping antigenic sites, two on G1 and seven on G2, were demonstrated by competitive binding assays. Analyses of the antigenic sites by haemagglutination (HA) inhibition and plaque-reduction neutralization tests showed that all of the sites, except one on G 1, were related to viral HA. Only one of the G 1 antigenic sites and two of the G2 sites were involved in virus neutralization. These results suggest that certain epitopes related to HA were not critical for virus neutralization. The nine antigenic sites could be further divided into 13 based upon the serological cross-reactivity of MAbs with viruses representative of each of the four known antigenic groups within the Hantavirus genus of Bunyaviridae, i.e. Hantaan, Seoul, Puumala and Prospect Hill viruses.
INTRODUCTION
Hantaan virus, the causative agent of Korean haemorrhagic fever (KHF), is the prototype virus of the Hantavirus genus of the Bunyaviridae family . KHF is one of many clinically similar diseases associated with hantavirus infection which have been collectively termed haemorrhagic fever with renal syndrome (HFRS) (World Health Organization, 1983) .
Like other viruses in the family, Hantaan virus has a three-segment ssRNA genome. The three genome segments, designated large (L), medium (M) and small (S), have Mr values of approx. 2-7 × 106, 1.2 x 106 and 0.6 x 106, respectively . The S segment encodes a 48K nucleocapsid protein and the M segment encodes two envelope glycoproteins, designated G 1 and G2, of deglycosylated Mr approx. 64K and 53.7K, respectively (Schmaljolm et aL, 1986a (Schmaljolm et aL, , b, 1987 . Asparagine-linked sugars, mostly of the high-mannose type, were found in association with both G 1 and G2, thus increasing their apparent Mr to approx. 68K and 55K, respectively (Schmaljohn et al., 1986a) . The L segment is presumed to encode a polymerase protein of approx. 200K (Elliott et al., 1984) .
As reported for other members of the Bunyaviridae, and other enveloped viruses, Hantaan viral envelope proteins possess haemagglutinating (HA) activity, and induce pH-dependent cell fusion (Tsai et al., 1984; Arikawa et al., 1985; Okuno et al., 1986) . These functions are thought to play important roles in virus attachment to susceptible cell surfaces and in the uncoating of virions during the initial stages of infection. Characterization of monoclonal antibodies (MAbs) to viruses in different genera of the Bunyaviridae revealed that virus neutralization sites were located on both the G1 and G2 proteins of the phlebovirus Rift Valley fever virus (Keegan In order to gain a better understanding of the role of Hantaan viral envelope proteins in infection and neutralization, we generated a panel of MAbs to G 1 and G2 and characterized the relationships between antigenic determinants and their biological functions. We also examined the serological cross-reactivity of the MAbs with viruses representative of each of the four recognized antigenic groups of hantaviruses. These studies should provide the basis for future identification of antigenic sites that are involved in virulence and also those involved in protection from KHF as well as other HFRS diseases.
METHODS

Viruses and cells.
Viruses representative of each of the four antigenic groups of hantaviruses were selected for comparison. Hantaan (strain 76-118), Seoul (strain Sapporo rat-11), Prospect Hill and Puumala viruses were isolated from Apodemus agrarius, Rattus norvegicus (Wistar rats), Microtus pennsylvanicus, and Clethrionomys glariolus, respectively (Lee et al., 1978; Kitamura et al., 1983; Lee et aL, 1982; World Health Organization, 1983) . Viruses were propagated as previously described in the E6 cloned line of Veto cells (ATCC C 1008, CRL 1586) or in a subcloned line of CV-1 African green monkey kidney cells, designated VBCV-7 .
Preparation of Hantaan viral antigen for immunization. Hantaan virions were purified by sucrose gradient sedimentation as previously described and were disrupted with 1% Triton X-100 in NET buffer (400 mM-NaCl, 50 mM-Tris-HCl pH 8.0, l mM-EDTA). Viral envelope proteins were immune-precipitated by the addition of mouse ascitic fluids containing Hantaan virus glycoprotein-specific MAbs designated JDO4, EBO6, HCO2 and GDO5, which were kindly provided by Dr J. McCormick (Centers for Disease Control, Atlanta, Ga., U.S.A.). After an overnight incubation of the mixture at 4 °C, 1/40 volume of a 50% suspension of Protein A-Sepharose CL-4B beads (Sigma) in NET buffer was added and incubation was continued for 30 min at 4 °C. The Sepharose-bound proteins were recovered by centrifugation, washed by resuspension and centrifugation four times in NET buffer and twice in l0 mM-Tris-HC1 pH 7.4. Residual infectious virus was inactivated by 6°Co irradiation (1-5 x 106 fads), then used as antigen for immunization.
MAb production. Three 6-week-old, female BALB/c mice were injected in both hind leg muscles with the Sepharose-bound antigen-antibody complex which was mixed with equal volumes of Freund's complete adjuvant. Twenty-one days after the initial immunization mice were injected with the same antigen mixed with Freund's incomplete adjuvant and, 18 days later, a final injection of antigen in phosphate-buffered saline (PBS) was administered intraperitoneaUy. Three days after the final immunization spleens were removed and used for fusion to SP2/0-Ag-14 myeloma cells according to previously published procedures (Early & Osterling, 1985) . Hybridoma culture fluids were screened for the presence of Hantaan virus-specific antibodies by indirect immunofluorescence, with fluorescein isothiocyanate (FITC)-conjugated, goat anti-mouse immunoglobulins as described below. Positive hybridomas were cloned twice by limiting dilution.
Characterization of MAbs. The viral protein specificities of secreted MAbs were determined by immune precipitation of radiolabelled proteins from infected cell lysates as previously described except that cells or virions were dissociated in a buffer containing 500 mM-NaC1, 10 mi-Tris-HC1 pH 8.0, 1 mM-EDTA, 4% Zwittergent 3-14 (Calbiochem), 10 ~tg/ml each ~t2-macroglobulin and aprotinin (Sigma). Precipitates were washed in the same buffer with a reduced (0.5%) Zwittergent concentration (Schmaljohn et al., 1986a) . Isotype determinations of individual MAbs were performed on cell culture supernatants by ELISA (mouse monoclonal sub-isotyping kit, Hyclone Laboratories). Ascitic fluids were prepared in pristane-primed BALB/c mice (Brodeur et al., 1984) .
ELISA. The abilities of MAbs to bind solid-phase viral antigen were evaluated by avidin-biotin indirect ELISA. Briefly, flat-bottomed 96-well microtitre plates were coated with gradient-purified Hantaan virions in PBS and dried at room temperature. Non-specific binding was blocked by addition of a solution of 1 ~ bovine serum albumin in PBS. After a I h incubation at room temperature with the blocking solution, plates were washed 10 times with PBS containing 0.05~ Tween 20 (PBS-T) and dilutions of each MAb were added and incubated for 90 min at room temperature. After a wash as above, biotin-labelled, goat anti-mouse immunoglobulin (Bethesda Research Laboratories) was added to the wells, plates were incubated for 1 h at room temperature, then streptavidin-peroxidase conjugate (Bethesda Research Laboratories) was added and incubation was continued for 1 h at room temperature. After washing, ABTS peroxidase substrate (Kirkegaard & Perry Laboratories) was added and the plates were incubated for 30 min at room temperature. To provide an approximate comparison of MAb-binding properties, relative binding avidity was defined as the amount of antibody (~tg MAb protein) required to yield an absorbance of 0.4 at 405 rim.
Biotinylation of antibodies and competitive binding assays. Monoclonal antibodies were purified from mouse ascitic fluids by Protein A-Sepharose column chromatography (Affi-Gel, MOPS II kit, Bio-Rad). After dialysis against 0.15 M-NaCI, protein concentrations were estimated colorimetrically (BPA Protein Assay kit; Pierce Chemicals). Solutions containing 100 to 500rtg/ml protein were mixed with 0.1 volume of 1.0 M-sodium bicarbonate to adjust the final pH to 8.0 to 8-5. Caproylamidobiotin-N-hydroxy succinimide ester (Bethesda Research Laboratories), solubilized in dimethyl sulphoxide at a concentration of 10 mg/ml, was added to the antibody preparation at a 1 : 10 (w/w) ratio (biotin ester :protein) and incubated at room temperature for 4 h, then transferred to 4 °C for storage. For use in competitive binding assays, protein concentrations of unlabelled MAbs were adjusted to 500 rtg/ml in PBS-T, and serial 10-fold dilutions of each antibody were added to 96-well plates coated with antigen as above. After incubation for 90 rain at room temperature, and without prior washing, biotinlabelled MAbs were added and incubation was continued for an additional 90 rain at room temperature. Plates were washed with PBS-T as above and biotinylated MAbs bound were detected with streptavidin-peroxidase as above. Absorbance values at 405 nm were compared to those without competitive antibody. More than 75~ inhibition was regarded as positive (+), less than 25 ~ was regarded as negative (-) , and between 25 and 75 ~ was regarded as intermediate inhibition (+).
Serological characterization by HA inhibition (HI) and indirect immunofluorescent antibody (IF1) tests. HI tests
were performed as previously described (Clarke & Casals, 1958) with sucrose gradient-purified Hantaan virions as antigen. Reactions were carried out at pH 5.8 with ascitic fluids, which had been extracted twice with 20 volumes of cold acetone and pre-adsorbed with goose red blood cells to remove non-specific agglutinins. IFA tests were performed on Hantaan virus-infected Vero E6 cell monolayers, which were prepared by dropping infected cell suspensions onto glass spot slides and incubating them overnight at 35 °C in 5 ~ CO2 to allow cells to attach. Cells were fixed with cold acetone for 10 rain, rinsed with distilled water, and allowed to dry in air. Slides were stored at -80 °C until needed. IFA tests were carried out with FITC-conjugated, goat anti-mouse immunoglobulins (Cappel Laboratories).
Plaque reduction neutralization tests (PRNT).
Assays were performed on VBCV-7 cell monolayers in six-well tissue culture plates with Hantaan, Sapporo rat or Prospect Hill viruses and on Vero E6 cell monolayers in T-25 flasks with Puumala virus. Monoclonal antibodies, diluted in Hanks' balanced salt solution containing 2~ fresh monkey serum, were incubated with viruses overnight at 4 °C. Virus-antibody mixtures were applied to cell monolayers and incubated at 35 °C for 1 h in a CO2 incubator and then overlaid with Eagle's MEM containing 0.6~ agarose (Seakem ME), 10~ heated foetal bovine serum and antibiotics. After incubation at 35 °C for 7 days (Hantaan and Sapporo rat viruses), 10 days (Prospect Hill virus), or 14 days (Puumala virus), a second overlay was applied, which was identical to the first except for a reduced foetal bovine serum concentration (2 ~) and inclusion of neutral red (0-167 mg/ml).
RESULTS
Production and characterization of MAbs
To increase the probability of obtaining MAbs specific for Hantaan viral G1 and G2 envelope proteins as opposed to nucleocapsid-specific MAbs, the antigen used to immunize mice was generated as described in Methods by immune precipitation of viral proteins with a mixture of four MAbs. Although all of the MAbs used were directed against Hantaan G2, one of them (HCO2) precipitated both G 1 and G2 under the conditions employed. Consequently, antibodies to both G1 and G2 could be detected in the sera of immunized mice (data not shown).
Spleen cells from three immunized mice were pooled and fused with myeloma cells as described in Methods. Approximately 50 % of the 1800 wells inoculated contained hybridomas. Screening by IFA revealed that 55 of the hybridomas produced Hantaan virus-specific antibodies. Thirty-nine of the virus-specific hybridomas were selected for further cell cloning, after which the specificities of secreted MAbs were determined by immune precipitation of radiolabelled Hantaan viral proteins (Fig. 1) . Although most of the MAbs clearly precipitated only G1 or G2, a few antibodies precipitated both of the envelope proteins (e.g. 2D5 in Fig. 1 ). The specificities of these MAbs were determined by competitive binding assays (see Table 2 ). A total of six anti-G 1 and 18 anti-G2 protein MAbs were used for further study. The remainder of the MAbs did not immune precipitate any detectable viral protein. Although antibodies to N were observed in sera of immunized mice (not shown), no MAbs to this protein were detected.
Isotype analysis of the 24 MAbs finally selected for further characterization revealed that 22 were of the IgGl subclass, one was IgG2a and one was IgG2b. Although MAb 2D5 appeared to precipitate both G 1 and G2 (lane 5), competition analysis revealed it to be Gl-specific (see Table 2 ).
Antigenic sites defined by MAbs
Epitope mapping studies were performed by competitive binding assays as described in Methods. Three representative competitive patterns were revealed by ELISA, examples reflecting inhibition (11E 10), no inhibition (HCO2) and intermediate inhibition (8El0) (Fig. 2) . Relative binding avidities of biotinylated MAbs were measured (data not shown) and found to be comparable with their unlabelled counterparts ( Table 1 ), implying that relative avidities of MAbs were not altered by biotinylation. All 576 (24 x 24) combinations of labelled and unlabelled antibodies were evaluated. Competition between antibodies was usually reciprocal, b~at there was an instance of one-way competition (GDO5), probably attributable to the inabilities of low avidity MAbs to inhibit higher avidity MAbs (Table 1) . Results of the assays revealed two distinct, partially overlapping sites on G 1 and seven on G2 (Table 2 ). These sites were designated G l a and b, and G2a, b, c, d, e, f and g.
Functional characterization of antigenic sites
To identify biologically functional epitopes on Hantaan virus G 1 and G2, P R N T and HI tests were performed with each of the MAbs (Table 3) . P R N T titres are expressed as the reciprocal of the highest dilution resulting in greater than 8 0~ reduction in viral plaques (0 represents < 1:10); HI titres are expressed as the reciprocal of the highest antibody dilution showing the complete inhibition of 4 units of viral haemagglutinin (0 represents < 1 : 10). All of the antigenic sites on G2 and one site on G1 were found to be related to H A ; however, only antigenic sites Glb, G2a and G2c were involved in virus neutralization. In this example, 10-fold dilutions of unlabelled MAbs HCO2, 8E 10 and 11E 10 were added to antigen-coated wells, Competition with MAb 11E 10 was assessed by the addition of biotin-labelled 11E10 as described in Methods. Bound, biotinqabelled antibody was measured as described in the text. MAbs 11E10, HCO2 and 8El0 showed inhibition, no inhibition and + inhibition, respectively. 
Analysis of Hantaan virus glycoproteins
Conservation of antigenic sites among hantaviruses
The reactivities of the MAbs with viruses representative of each of the four known hantavirus antigenic groups were compared by IFA, HI and PRNT. Immunofluorescent antibody titres were expressed as the reciprocal of the highest antibody dilution giving specific immunofluorescence in the infected cell cytoplasm (0 represents < 1 : 12-5). Although all of the G1 MAbs reacted to high titre with Hantaan virus by IFA, only one of them demonstrated cross-reactivity with Sapporo rat and Puumala viruses and none of them were cross-reactive with Prospect Hill virus (Table 3 ). In contrast, four different cross-reactivity patterns were observed among the G2 MAbs, i.e. those which recognized (i) Hantaan virus only, (ii) Hantaan and Sapporo rat viruses, (iii) Hantaan, Sapporo rat and Puumala viruses or (iv) all four of the viruses. Similar results were obtained by HI; i.e. little cross-reactivity was observed with G1 MAbs but all of the G2 antibodies that had HI reactivity with Hantaan virus also displayed reactivity with at least one of the heterologous strains (Table 3) . Differing HI or IFA cross-reactivity patterns were observed among MAbs in sites G la and G2f thus suggesting that these sites actually contained more than a single functional site.
MAbs in the three antigenic sites involved in neutralization were examined by PRNT with each of the three other hantaviruses. Antibodies in the Glb group neutralized only Hantaan virus, indicating a strain-specific neutralization site. In contrast, MAb 11El0, which was the only antibody defining the G2c site, revealed a neutralization site shared by Hantaan and Prospect Hill viruses. Similarly, one of the G2a antibodies (HCO2) demonstrated a high neutralizing antibody titre with both Hantaan and Sapporo rat viruses; however, the other antibody in the group (16E6) neutralized only homologous Hantaan virus. These results suggested that the site designated G2a actually consists of at least two different neutralization epitopes. Based upon the cross-reactivity patterns obtained by IFA, HI and PRNT, MAbs recognizing sites G la and G2a were subdivided into two separate groups and those recognizing site G2f were subdivided into three groups (Table 3) .
DISCUSSION
Hybridomas secreting MAbs to the G 1 or G2 envelope glycoproteins of Hantaan virus were prepared from mice immunized with a suspension of immune-precipitated viral proteins bound to Protein A-Sepharose beads. Previously, we observed that Triton X-100 disruption of infected cells resulted in an apparently incomplete dissociation of G 1 and G2, and that one of the four existing anti-G2 MAbs could precipitate both G1 and G2 under such conditions. Therefore, although only anti-G2 MAbs were used for antigen preparation, we were able to induce antibody responses to both G1 and G2 in animals immunized with the immune-precipitated antigen. All of the virus-specific MAbs obtained were to the desired envelope proteins, and the mice showed no adverse effects from the immunization. Although the number of MAbs examined was too small to enable us to make any general conclusions, it appears that the antigenic sites represented by the MAbs used for antigen preparation were neither enhanced nor completely blocked in the newly obtained panel of MAbs. That is, MAbs were obtained that reacted to the same, or closely related, antigenic sites recognized by two of the four MAbs (HCO2 and GDO5) used to prepare the antigen, but not to those recognized by the other two (EBO6 and JDO4). The method thus appears to be useful for enrichment of immunogens which might otherwise be overshadowed by other viral proteins (e.g. nucleocapsid proteins), without having to resort to a complicated antigen purification procedure.
From the hybridomas obtained, we selected a panel of 24 MAbs which defined seven antigenic sites on the G2 envelope protein of Hantaan virus and two on the G1 protein. Three neutralizing sites, one on G 1 and two on G2, were identified, thus confirming previous reports that antibodies to either G 1 or G2 could neutralize Hantaan virus . Although three-dimensional relationships among antigenic sites are not yet clear, all of the neutralizing sites also demonstrated HA activity, suggesting that these epitopes may be located very near each other on the envelope proteins. However, although most of the MAbs demonstrated neutralizing and HI titres which were well correlated, one of them (HCO2) had a much lower HI titre compared to its PRNT titre, suggesting that the neutralizing epitope recognized by this antibody may be quite different.
In addition to the HI/neutralization epitopes, we also identified five sites on G2 which were related to HA but not to neutralization. Previous studies with other viruses in the Bunyaviridae family suggested that almost all HI MAbs also had neutralizing activity and that the HI and PRNT titres were well correlated (Gonzalez-Scarano et al., 1982; Kingsford et al., 1983) . However, in our study, only six out of 20 HI MAbs also neutralized Hantaan virus. Results similar to ours were reported with the rat-borne hantavirus B 1, as well as with Hantaan virus, in that low neutralization titres did not correlate with much higher HI titres achieved with MAbs directed against the viral G2 proteins . These results may suggest that epitopes involved in HA activity but not in virus neutralization may be characteristic of hantaviruses. The significance of such HA-related, non-neutralizing epitopes in infection is unclear.
We also examined the conservation of epitopes defined by our MAbs among viruses in the other three recognized antigenic groups of hantaviruses. Both type-specific and group-reactive antibodies were identified. In addition, antibodies were found that reacted only with Hantaan virus 76-118 and one or two of the other viruses. It may be possible, therefore, to use these MAbs and the various serological reactivity patterns they produce to assign newly isolated hantaviruses to serogroups.
To characterize further the topography and functionality of antigenic sites identified, we are pursuing studies aimed at locating the gene regions that encode the determinants recognized by these MAbs. We hope that such studies will allow us to identify conserved and unique regions that are involved in hantavirus infection and/or neutralization, and that may be important in the protection from HFRS.
